Plasmids pNovl and pNovls, coding for resistance and sensitivity to novobiocin, respectively, were readily lost from wild-type Haemophilus influenzae but retained in a strain lacking an inducible defective prophage. The plasmid loss could be partly or wholly eliminated by a low-copy-number mutation in the plasmid or by the presence of certain antibiotic resistance markers in the host chromosome. Release of both phage HP1cl, measured by plaque assay, and defective phage, measured by electron microscopy, was increased when the plasmids were present. The frequency of recombination between pNovl and the chromosome, causing the plasmid to be converted to pNovls, could under some circumstances be decreased from the normal 60 to 70% to below 10% by the presence of a kanamycin resistance marker in the chromosome. This suggested that a gene product coded for by the plasmid, the expression of which was affected by the kanamycin resistance marker, was responsible for the high recombination frequency. Evidence was obtained from in vitro experiments that the gene product was a gyrase.
The loss of a plasmid containing a chromosomal insert in the absence of selective pressure appears to depend on the presence of an inducible defective phage. This observation led us to investigate the cause of the plasmid loss. Since the retention of other plasmids was not affected by the presence or absence of inducible phage, we assumed that the plasmid loss resulted from the insert. We report here that not only was spontaneous release of HP1cl phage increased by the presence of the plasmid, but the defective phage itself, as measured by electron microscopy, was induced by the plasmid. Plasmid retention was increased by a decrease in copy number, suggesting that gene dosage affects a product coded for by the plasmid. Expression of the product appeared to be affected by some antibiotic resistance markers. In vitro experiments indicated that the gene product coded for by the plasmid was gyrase.
MATERIALS AND METHODS
Plasmids and microorganisms. Plasmid pNovl was constructed by cloning a piece of chromosomal DNA conferring resistance to 25 jxg of novobiocin per ml into plasmid RSF0885, which confers resistance to ampicillin (22) . Plasmid pNovls was derived from pNovl by recombination with the chromosome; it carries the corresponding novobiocin sensitivity information but otherwise resembles pNovl in size and restriction pattern (22) . The ampicillin resistance marker in these plasmids does not integrate into the chromosome, and therefore ampicillin resistance is always associated with the presence of the plasmid; conversely, the cell becomes ampicillin sensitive when it loses the plasmid (22) . Plasmids containing other portions of the chromosome (pD2, pD4, pD5, pD7, and pD9) were constructed in the same way as pNovl, with the same restriction enzyme (PvuII), and were of various sizes.
Haemophilus influenzae Rd is the wild type. Strain BC200 (1), unlike strain Rd, lacks an inducible defective prophage (18) . The highly recombination-defective rec-J mutant has been described previously (19) . The growth media and * Corresponding author. 872 transformation methods used were described previously (20) . Methods for manipulating the H. influenzae phage HP1c1 and the defective phage from strain Rd have already been reported (3, 9) . H. influenzae strains carrying antibiotic resistance markers were originally obtained from J. W. Bendler. One of our strains, resistant to kanamycin, has been subcultured extensively in kanamycin in this laboratory and was observed to contain two different resistance markers that are separable by transformation. One of these, kanA, is the kanamycin marker, located between the streptomycin and novobiocin resistance markers on the chromosome (12) , and the other, kanB, is apparently weakly linked to nalidixic acid resistance and is located ca. 3 x 108 daltons away from kanA (J. W. Bendler, personal communication). Cells carrying either mutation grow under agar containing 7 ,ug of kanamycin per ml and grow poorly on the surface of agar plates containing 5 VLg of kanamycin per ml, but even at a concentration as low as 3.5 .g/ml they do not usually grow in aerated liquid culture. These data indicate that, as expected, the kanamycin resistance markers allow anaerobic growth in the presence of kanamycin, but aerobic growth is inhibited by the antibiotic.
Measurement of plasmid loss. Cells were grown without ampicillin and plated on the surface of agar plates without ampicillin, and individual colonies were tested for retention of plasmid-specified ampicillin resistance by being transferred with toothpicks to plates with or without ampicillin. In some experiments, cells were grown under surface agar, colonies in agar plugs were removed with Pasteur pipettes, plugs were broken on a sterile surface, and an inoculum was transferred to plates with or without ampicillin as for the aerobically grown cells.
LOSS OF pNovl AND pNovls FROM H. INFLUENZAE 873
Spontaneous release of HPlcl phage. HPlcl lysogens were grown to a concentration of ca. 109/ml, the culture was centrifuged at low speed to remove cells and cell debris, and the phage in the supernatant was assayed as described previously (20) .
Isolation of a low-copy-number mutant plasmid. A recombination-defective host was used to avoid recombination between homologous parts of the plasmid and the chromosome (22) . A rec-J strain carrying a novobiocin resistance marker (25 ,ug/ml) was exposed to pNovls DNA, and ampicillin-resistant transformants were selected. After growth in ampicillin, the transformants were transferred to medium containing both ampicillin and 25 ,ug of novobiocin per ml. For the first few hours, cell growth was inhibited by novobiocin, but the growth rate increased gradually and became similar to that of normal novobiocin-resistant cells (21) . The copy number of pNovls, measured as described previously (24) , was found to have changed from 28 to <10 ( Table 1 ). The plasmid size, judged from agarose gel electrophoresis (14) , was the same in the low-copy-number plasmids as in the original pNovls. The low copy number was maintained even when the cells were subsequently grown in ampicillin without novobiocin, indicating that there had been selection for a stable mutant. Control of the copy number was a function of the plasmid genome, not the cell chromosome (Table 1) . Plasmid-free derivatives of the low-copynumber plasmid-containing strains were isolated. When transformed to ampicillin resistance with the original pNovls, these strains again contained a high copy number and were unable to grow normally in novobiocin. Furthermore, when the low-copy-number plasmid was used to transform the novobiocin-resistant rec-J strain, ampicillinresistant transformants were able to grow well in 25 ,ug of novobiocin per ml without any delay and again contained the plasmid at low copy number (Table 1) .
Spontaneous release of defective phage. Cells were spread onto the surface of agar plates, which were then incubated overnight. Sterile water (1 ml) was then added to each plate, and the surfaces were scraped with a glass spreader. The suspension was removed, centrifuged to eliminate most of the bacteria, and used for electron microscopy.
The phage concentration was determined by counting phage and reference polystyrene latex spheres under electron microscopy by a method adapted from that of Geister and Peters (5) described by Miller (13 Step 1 strain made Ampr with 28 pNovls 3
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out attached heads, were counted. Phage concentrations were calculated relative to the concentration of reference spheres.
Measurement of gyrase. The substrate used in the measurement of gyrase was plasmid RSF0885, prepared as described previously (14) and converted from supercoiled to relaxed closed circular form by treatment with Micrococcus luteus topoisomerase I (gift of G. Ciarrocchi). The relaxed DNA was deproteinized by phenolchloroform extraction, precipitated and washed with ethanol, and stored in 10 mM Tris-hydrochloride (pH 8.0)-0.1 mM EDTA at -20°C.
Cell extracts were made from 1 liter of cells grown with aeration to late exponential phase, centrifuged, and stored overnight at -20°C. The cells were suspended in 20 ml of 50 mM Tris-hydrochloride (pH 8.0)-i mM EDTA, centrifuged, partially suspended in 1 ml of 50 mM Tris-hydrochloride (pH 8.0)-i mM EDTA-10% glycerol, and then totally suspended in 50 mM Tris-hydrochloride (pH 7.6)-i mM dithiothreitol-10% glycerol at a final concentration of 0.15 g of wet cells per ml. The suspension was passed twice through a chilled French pressure cell at 12,000 lb/in2. Cell debris was eliminated by low-speed centrifugation for 30 min. Polymin P (BASF) fractionation of the supernatant was performed as described previously (6), and fraction II (6) was used for the gyrase measurements without further purification. A modified procedure (16) was used to measure protein content.
The supercoiling activity of the partially purified gyrase was assayed by the method of Higgins et al. (10) , except that 24 mM potassium chloride was used instead of 18 mM potassium phosphate and 90 ,ug of tRNA per ml was added. The extracts were diluted when necessary into the dilution buffer described previously (6) . The reaction was carried out for 60 min at 30°C, and was then stopped by incubation for 5 min at 75°C. Samples were run on a 1% agarose gel at room temperature (6) RESULTS AND DISCUSSION Correlation of loss of pNovl and pNovls with defective prophage. The derivatives of strain Rd containing pNovl or pNovls readily lost these plasmids at high frequency when grown without selection for ampicillin resistance (Table 2) . However, the plasmids were retained considerably better in strain BC200. This strain differs from strain Rd in that it does not carry an inducible defective prophage (3, 23) . The parent plasmid RSF0885 appeared to be equally stable in strains Rd and BC200 (Table 2) , as did five other derivative plasmids, constructed by the same method as pNovl, that contained inserts from different parts of the chromosome (data not shown).
Although strain BC200 was isolated after UV irradiation of a culture of H. influenzae Rd (1), it was not subjected to mutagenic treatment, as UV radiation is known not to be mutagenic for this microorganism (11) . It therefore seemed most probable that the difference observed between the strains was dependent upon the ability to produce defective phage. One explanation of the observed loss of pNovl and pNovls from strain Rd is that these plasmids might contain a segment of defective phage DNA derived from the cloned chromosomal DNA as well as the novobiocin resistance or sensitivity genes. If they compete with the chromosomal prophage genome for repressor, they might cause an increase in phage induction and, consequently, in cell deaths. Cells that have lost the plasmid would then have a selective advantage. To test this hypothesis, DNA from purified defective phage was nick-translated and hybridized to DNAs baked onto filter disks. Whereas 1,600 of the 9,000 input counts hybridized to chromosomal DNA from strain Rd, which contains defective prophage, hybridization to pNovl DNA was equivalent to that observed on control disks containing no DNA or DNA from another plasmid, pD7, which carries a different chromosomal insert. We cpncluded that pNovl does not contain a significant part of the defective phage genome.
Spontaneous release of phage HPlcl as affected by pNovl and pNovls. If replication of defective prophage is induced at higher frequency in the presence of pNovl, a similar effect might be expected for prophage HPlc1, which, unlike the defective phage, can be assayed by plaque titer. There was an increase in the spontaneous release of phage from strain BC200(HPlc1) when the plasmids were present (Table 3) . Chromosomal kanA or kanB resistance markers had little or no effect on the magnitude of this increase. In contrast, phage release from strain Rd(HP1c1) was unaffected by the plasmids. Furthermore, the number of phage released from strain Rd(HP1cl) was about three times lower than from the plasmidless BC200(HP1c1) strain. However, the kanamycinresistant strain Rd lysogens showed a plasmid-induced increase in phage release, particularly for pNovl in the kanB background. The effect of pNovl was always greater than Rd kanB(HP1c1)(pNovls) 94 1.4 that of pNovls in the kanamycin-resistant strain Rd and in strain BC200.
The data suggested that induced defective phage in strain Rd may compete with induced HPlc1, so that fewer HPlcl phage are released in strain Rd than in strain BC200. The data further suggested that the kanamycin resistance markers in strain Rd suppressed the synthesis of competing defective phage, increasing HPll release in the Rd(pNovl) and Rd(pNovls) derivative strains. Kanamycin resistance in Escherichia coli has been found to involve an alteration in a ribosomal protein (15) . It is reasonable to assume that an altered ribosome could interfere with the expression of defective phage genes in H. influenzae upon induction in the presence of plasmid.
Since the plasmids increase the spontaneous release of phage HP1cl from strain BC200, plasmids might also be lost from that strain because of the presence of HPlcl prophage. However, this does not occur. The plasmid loss test showed that 205 of 208 colonies of strain BC200(HP1c1)(pNovl) maintained ampicillin resistance without selection; the same result was obtained with BC200(HPlcl)(pNovls), indicating that this prophage, unlike the defective phage, is not sufficiently affected by the plasmids to give a selective advantage to cells that lose the plasmids. Since the burst size of HP1cl is about 100 (9), the data (Table 3) suggest that no more than ca. 3% of the BC200 cells were affected by the plasmids; this is apparently not sufficient to result in loss of the plasmid from a substantial fraction of the population over the period of the test.
Effect of resistance to various antibiotics and anaerobic conditions on loss of pNovl and pNovls. Since the presence of kanamycin resistance markers appeared to suppress the development of defective phage, we investigated the effect of the two kanamycin resistance markers on selection against the plasmids, to test the hypothesis that outgrowth of plasmid-free strains results from a plasmid-induced increase in the probability of defective phage replication. Although kanamycin resistance markers did not significantly alter the retention of pNovl and pNovls in strain BC200, in strain Rd kanA permitted growth without coupterselection for pNovls and kanB to some extent prevented the loss of pNovl (Table 4) . Erythromycin resistance markers also partly prevented plasmid loss, but streptomycin resistance had no effect with or without the additional kanA marker; spectinomycin resistance also had no effect. Rifampin resistance markers prevented the loss of pNovl from strain Rd.
Although the molecular bases of these antibiotic resistances have not been studied in H. influenzae, it is probable, by analogy with other bacterial systems (2) , that all except rifampin resistance result from an alteration in the ribosome. We therefore assume that translation of defective phage genes is involved in the resistance marker effects described above and that a transcriptional effect is involved for rifampin.
No selection for loss of plasmid occurred when the cells were grown under the surface of the agar (Table 4) . Since aerobic conditions would be expected to favor replication of the defective phage, these data agree with our hypothesis that the plasmids are likely to be lost from strain Rd under aerobic conditions which foster lethal lytic growth of the defective phage.
Effect of copy number on plasmid loss. Since it seemed probable that the effect of plasmids on phage release involves a gene product coded for by the chromosomal inserts of pNovl and pNovls, we investigated the influence of plasmid copy number on the loss of plasmids. In a culture originally containing the mutant low-copy-number (5 copies) pNovls, only 14% of the cells became ampicillin sensitive, whereas 98% of the cells from a culture originally carrying the high-copy-number (28 copies) plasmid became ampicillin sensitive. We interpret these data to mean that a reduced gene dose reduces the amount of the plasmid gene product responsible for the induction of defective phage and consequent loss of plasmid-containing cells.
Spontaneous release of defective phage as affected by pNovl. We were unable to find significant numbers of defective phage released from Rd cells growing in liquid culture; the presence of pNovl did not appear to cause a large increase in defective phage under those conditions (data not shown). We also found that pNovl was retained when the cells were grown in liquid (data not shown). To test the hypothesis that defective phage induction is the cause of selection against pNovl among cells grown on the surface of agar, we attempted to duplicate these conditions for defec- tive phage measurement (Fig. 1) . The number of defective phage released per viable cell decreased markedly as the number of cells on the plate increased, suggesting that when cells are crowded the growth rate or nutrient supply is insufficient for efficient phage induction or production. At equivalent viable cell densities, many more defective phage were released from strain Rd(pNovl) than from strain Rd. The data also indicate that the magnitude of the difference in phage release between cells with and without the plasmid decreased as the cell concentration increased. This effect could be analogous to increased plasmid retention by cells under anaerobic conditions (Table 4) .
We noted that there were fewer colonies of strain Rd(pNovl) than of strain Rd on the surface of agar despite equivalent optical density readings at the time of plating. Comparison of the colony-forming ability of these strains under and on the agar surface showed that although there were approximately the same number of Rd colonies under the two conditions, only one-tenth as many Rd(pNovl) cells plated on top of the agar. Thus, the much larger number of defective phage observed per viable cell in the pNovlcontaining strain must have come from cells that were unable to form a colony because they had been lysed by the defective phage. There must have been lysed cells on the strain Rd surface agar plates as well, but the percentage must have been too small (<10%) to be detected by our viability measurements.
Gyrase assays. Since it is known that gyrase-induced supercoiling activity in E. coli DNA is inhibited by novobiocin (except when gyrase from a novobiocin-resistant strain is used [7, 8] ), we used inhibition of supercoiling activity by novobiocin to obtain evidence that pNovl codes for gyrase (Fig. 2) . Only the Rd(pNovl) gyrase was completely resistant to novobiocin at 0.1 and 2 p.M. To be certain that the novobiocin resistance was coded for by the plasmid, we grew the particular strains containing pNovl as single colo- nies on the surface of agar, not selecting for the plasmid ampicillin resistance marker. All but 1 of 52 colonies examined lost ampicillin resistance and, therefore, the plasmid. This strain was also the only clone of the 52 which retained novobiocin resistance. Thus, the chromosome did not contain a novobiocin resistance marker, and the novobiocinresistant gyrase must have been specified by the plasmid.
There was greater gyrase activity in the cells with plasmid than in those without, based on the density of the supercoiled-DNA band obtained with a given amount offraction II (6) protein (Fig. 3) . This result was repeated with three different sets of gyrase preparations.
Recombination between plasmid and chromosome. Perhaps the most interesting phenomenon observed during studies of transformation by pNovl is that the plasmids in about 75% of the ampicillin-resistant transformants of novobiocin-sensitive wild-type cells have recombined with the chromosome, acquiring the gene for novobiocin sensitivity (22) . This high recombination frequency was retained in many Rd and BC200 derivative strains (Table 5) , with no significant differences between the sets of strains. Recombination was markedly different in three strains: BC200 kanA, in which recombination was lower by a factor of ca. 2, and Rd kanA(HPlcl) and BC200 kanA(HPll), in which recombination was lower by a factor of >10. The fact that recombination frequency was approximately the same in the latter two strains indicates that the presence or absence of defective prophage is irrelevant to this effect. However, the normal recombination frequency in strain Rd kanA presumably is affected by defective prophage, since recombination in strain BC200 kanA was considerably below normal. We speculate that the high frequency of recombination between pNovl and the chromosome is fostered by the supercoiling (7) induced by the gyrase coded for by the incoming plasmid. There is a precedent for the transcription and translation of incoming DNA in H. influenzae: it was previously reported that the rec-J gene on a piece of transforming DNA could be expressed without being integrated (17) . Inhibition of transformation by novobiocin in Neisseria gonorrhoeae also implies that gyrase affects recombination (E. Cunningham, F. Jones, and E. McGinnis, Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, H83, p. 119).
The reduced recombination frequency observed for strain BC200 kanA could reflect reduced expression of the gyrase as a result of an altered ribosomal protein. If this translation hypothesis is correct, we would have to assume that the defective phage is more likely to be induced in cells containing nonrecombinant plasmids to explain the unaltered Rd kanA recombination. There are two reasons for making this assumption. (i) Greater induction of HPlcl was caused by pNovl than by pNovls (Table 3) . (ii) There appeared to be somewhat more gyrase activity in strain Rd(pNovl) than in strain Rd(pNovls) (Fig. 3) .
Recombination was almost eliminated when both kanA and the HPlcl prophage were present in strain Rd or BC200. HPlcl prophage alone had no effect on either strain, whereas kanA alone had no effect on recombination in strain Rd, and only a partial effect in strain BC200. These findings imply that there are two recombination mechanisms, only one of which induces HPlcl. There is evidence that chromosome-to-plasmid gene transfer in pNovl may take place by a copy choice mechanism (J. K. Setlow, E. Cabrera-Juarez, and K. Griffin, unpublished data). The less efficient physical transfer type of recombination, which does induce HPlcl, may occur when gyrase translation is reduced in the presence of kanA. This is analogous to the situation in which HPlcl is induced by the integration of transforming DNA into the recipient chromosome (18) , as both types of physical transfer involve strand breakage in the chromosomal DNA. We have produced evidence that kanA also suppresses the development of defective phage; we would therefore expect (Table 5) . It is of interest that the frequency of transformation to ampicillin resistance by pNovl was about twice as high in strains Rd kanB and BC200 kanB as in the corresponding kanA strains (data not shown). These data suggest that gyrase expression, apparently unaffected by the kanB mutation, acted to favor establishment of the plasmid. This could result from an altered DNA configuration which aids pairing between the plasmid and the chromosome, stabilizes the plasmid, and enables it to replicate.
